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The Planck experiment has measured the Cosmic Microwave Background (CMB) angular spec-
trum with unprecedented accuracy, and these results are likely to remain the state-of-the art for
a decade or more. Since these measurements are going to be used to forecast Euclid’s ability to
test alternative dark matter models, we aim to set the final CMB constraint on the cross section of
dark matter-photon scattering in the early universe. As the formalism has not been published in
the literature yet, we present the key steps to derive the full set of linearized Einstein and Boltz-
mann equations and elucidate necessary modifications to the line of sight and the tight coupling
approximation. These approximation schemes are commonly used in Boltzmann codes to reduce
computational costs, but the tight coupling regime has been neglected in previous works related to
dark matter-photon interactions. Our computations account for a dark matter sound speed, which
was neglected in previous work. We find that its effect is negligible on the CMB spectra but fairly
important on the linear matter power spectrum. We then analyse the Planck data, with and without
the 2015 polarisation data at high multipoles. In both cases our constraint on the ratio of the elastic
scattering cross section to the dark matter mass becomes more stringent with respect to previous
constraints. The change is about 35% when the full Planck dataset is added (which includes E-mode
polarisation at high multipoles and the lensing potential power spectrum) and about 20%. when we
only account for the polarisation data at low multipoles and the full temperature spectrum. Our
most conservative limit reads as σDM−γ ≤ 2.25 × 10−6 σTh (mDM/GeV) at 95% confidence. We do
not expect this limit to change by adding the recently published SPT data.
I. INTRODUCTION
The CMB angular power spectrum measurements by
the Planck satellite [1, 2] have enabled to establish the
validity of the standard Λ cold dark matter cosmologi-
cal model (ΛCDM) down to galaxy scales [3, 4]. These
results are now used by the Euclid [5] collaboration to
forecast Euclid’s ability to constrain the nature of dark
energy. However, extensions of the ΛCDM scenario, al-
lowing for interactions between dark matter and standard
model particles [6–11], are still allowed by the data and
would lead to slightly different cosmological parameters
[12]. As these alternative models predict a different linear
matter power spectrum at small scales [6, 13] than the
standard ΛCDM model, they deserve to be studied with
the same level of precision as ΛCDM. Indeed, Euclid and
other surveys such as LSST [14] and WFIRST [15] may
reveal deviations to the ΛCDM model predictions.
In this work we aim to constrain the presence of dark
matter-photon interactions with great precision. In pres-
ence of such an interaction the linear matter power spec-
trum exhibits damped oscillations at small scales, which
alter the evolution of the baryon-photon fluid in the early
universe [16]. This phenomenology can be described in
terms of a single new parameter: the radio of the dark
matter-photon scattering cross section to the dark matter
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mass, which we parametrize as
uDM−γ =
σDM−γ
σTh
( mDM
100 GeV
)−1
, (1)
with σTh the Thomson cross section. In what follows,
we refer to the dark matter component by using the sub-
script “DM”.
A constant dark matter-photon cross section, as as-
sumed in Eq. 1, requires a coupling between dark matter
and charged particles. Such particles could belong to the
standard model or to an extension of it. There is no
guarantee that dark matter couples to electrons and/or
protons (for recent constraints see Ref. [17, 18]), there-
fore attempts to probe the dark matter-photon coupling
enable one to cover all aspects of dark matter interac-
tions.
Upper bounds on uDM−γ have been derived from both
observations of the CMB fluctuations [12, 19] and struc-
ture formation at small scales [20–26]. CMB spectral
distortions are also another promising avenue to derive
further constraint [27, 28]. However, all these analyses
rely on modified Boltzmann codes to either predict the
CMB spectrum or obtain the primordial matter-power
spectrum as initial condition for N-body simulations.
Boltzmann codes use various approximation schemes
to speed up the computations. One of them is the tight
coupling approximation, which is relevant at early stages
of the evolution of perturbations, well before decoupling,
when baryons and photons interact significantly, i.e. both
fluids are tightly coupled. The very good agreement be-
tween CMB observations and ΛCDM predictions hints
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2that the rate for dark matter-photon scattering is much
smaller than the Thomson scattering rate [6, 13, 16].
Hence, the impact of dark matter-photon scattering on
the (baryonic) tight coupling approximation was thought
to be negligible and has not received much attention so
far. To our knowledge modified equations of the tight
coupling regime, which take into account dark matter-
photon scattering, have not been published in the litera-
ture. Although expressions for dipole dark matter exist
[7, 8], however, these apply to dark matter-baryon scat-
tering. Inspecting several non-public Boltzmann codes,
which include dark matter-photon scattering, we found
that expressions used for the tight coupling approxima-
tion varied. We therefore think it is useful to give a sys-
tematic derivation of the relevant expressions and quan-
tify their impact on the final results.
Dark matter-photon scattering implies a non-zero dark
matter sound speed. The latter was neglected in previous
works on dark matter-photon scattering but its equiva-
lent was accounted for in the context of dark matter-
baryon interactions [7, 26]. The computation of the dark
matter sound speed introduces an additional parametric
dependence on the dark matter mass but its inclusion in
the equations is necessary to quantify the impact of the
dark matter interactions on the CMB and P(k) spectra.
Since the latest constraints of dark matter-photon in-
teractions were derived before the CMB polarisation data
in the multipole range 30 ≤ l ≤ 1996 [3] became avail-
able, and the equations governing the linear evolution of
cosmological perturbations were never explicitly derived
in the literature, we aim to clarify the formalism and
provide the final constraint using the Planck data on the
dark matter-photon interactions. This will become par-
ticularly relevant after the launch of the Euclid mission
in 2020, designed to measure galaxy clustering and weak
gravitational lensing in 36% of the observable sky up to
a redshift of z ' 2 [5]. Euclid’s determination of the
matter power spectrum will provide a probe of uDM−γ ,
which is complementary to CMB constraints but extends
to smaller cosmological scales and thus is potentially sen-
sitive to even smaller values of uDM−γ .
During the preparation of this manuscript the SPTpol
experiment released new measurements of the E-mode
polarisation auto correlation (EE) and the temperature
E-mode cross correlation (TE) angular spectrum in the
multipole range 50 < l ≤ 8000 [29]. These observations
where obtained with a 500 deg2 sky coverage and consti-
tute the most sensitive measurements of the EE and TE
angular spectra at large multipoles. Although these new
datasets are not implemented yet in the MontePython
code, which we use for parameter extraction, we have
studied how they may change the limit that we obtained
for the dark matter-photon scattering cross section to
mass ratio.
In section II, we recall the formalism to include dark
matter-photon interactions in the equations governing
the evolution of the dark mater and photon fluids. We
quantify the impact that such interactions have on the
cosmological parameters in section III and conclude in
section IV. To derive our constraints we use a modi-
fied version of the Boltzmann code CLASS1 (version 2.6)
[30, 31], which we made available online2.
II. LINEAR EVOLUTION OF COSMOLOGICAL
PERTURBATIONS IN THE PRESENCE OF
DARK MATTER PHOTON INTERACTIONS
In this section, we derive the full formalism, that leads
to the equations, which are implemented in the CLASS
code. For clarity, we first recall the equations for the
ΛCDM standard model before discussing the case of dark
matter-photon interactions.
Throughout the paper we will follow the notation es-
tablished in [32], where one finds a comprehensive deriva-
tion of the Boltzmann equations for ΛCDM. We consider
a spatially flat FRW universe with comoving coordinates
xµ, where µ refers to the four space-time components
(roman letters running from 1 to 3 will be used to label
space components). In the Newtonian gauge, scalar met-
ric perturbations are described by two potentials φ and
ψ and the line element is
ds2 = a2(τ)
[− (1 + 2ψ) dτ2 + (1− 2φ) dxidxi] , (2)
with τ the conformal time defined as dx0 = dτ = dt/a(t)
and a(t) to the scale factor. We denote derivatives with
respect to τ by a dot.
A. Boltzmann hierarchy in absence of dark
matter-photon interactions
We first derive the key equations that lead to the well-
known perturbation equations associated with the rela-
tivistic and non-relativistic species in a ΛCDM scenario.
We start by decomposing the stress energy tensor Tµν
into a homogeneous background and small fluctuations
around it, i.e. Tµν = T¯
µ
ν + δT
µ
ν . From this, it is straight-
forward to derive that the density perturbation δ, the ve-
locity dispersion θ and the shear stress σ of these species
are related to the stress energy tensor via the following
expressions
δ ≡ δρ/ρ¯ = δT 00 /T¯ 00 , (3a)(
ρ¯+ P¯
)
θ ≡ i ki δT 0i , (3b)(
ρ¯+ P¯
)
σ ≡ −
(
kˆikˆ
j − 1
3
δji
)(
T ij −
1
3
δijT
k
k
)
, (3c)
where P and ρ denote the pressure and energy density
respectively. The bar symbol refers to background quan-
tities while the hat indicates unit vectors.
1 http://class-code.net/
2 https://github.com/bufeo/class v2.6 gcdm.git
31. Perturbations for non-relativistic species
The evolution of the baryon and dark matter pertur-
bations follows from the conservation of the stress-energy
tensor ∇µTµν = 0, where ∇µ is the covariant derivative of
the perturbed metric. Expanding the conservation equa-
tion to first order in perturbations yields
δ˙ = −3H (c2s − w)− (1 + w)(θ − 3φ˙) , (4a)
θ˙ = −H(1− 3w)θ − w˙
1 + w
θ +
δP/δρ
1 + w
k2δ
− k2σ + k2ψ , (4b)
where we defined the adiabatic sound speed as c2s ≡
dP/dρ ≡ w + ρw/dρ and the reduced Hubble rate H ≡
a˙/a. Eq. (4) is valid for a single uncoupled fluid but
needs to be modified for a species, which interacts with
another component. We will derive these modifications
for baryons coupled to photons below but first focus on
dark matter.
In the ΛCDM scenario dark matter is described by
a perfect fluid with vanishing sound speed and shear
stress. The possible dark matter interactions with Stan-
dard Model particles (or within an hypothetical dark sec-
tor) are disregarded. Under this assumption, Eq. (4) re-
duces to
δ˙DM = −θDM + 3φ˙ , (5a)
θ˙DM = −HθDM + k2ψ . (5b)
For baryons energy-momentum conservation needs to
be considered at the level of the coupled baryon-photon
fluid. Thus Eq. (4) is valid for the mass-averaged per-
turbations δ and θ of the coupled fluids, i.e. Eq. (4b)
becomes∑
s
(
ρ¯s + P¯s
)
θ˙s =
−H
∑
s
ρ¯a(1 + ws)(1− 3ws)θs −
∑
s
w˙sρ¯sθs
+ k2
∑
s
δP s
δρs
ρ¯sδs − k2
∑
s
ρ¯s(1 + ws)σs
+ k2ψ
∑
s
ρ¯s(1 + ws) , (6)
where in the sum s runs over baryons and photons. Using
Eq. (20) below for the photon perturbations the evolution
of baryons is then described by
δ˙b = −θb + 3φ˙ , (7a)
θ˙b = −Hθb + k2c2bδb + k2ψ −Rκ˙ (θb − θγ) , (7b)
where R ≡ 4ργ/3ρb and c2b is the baryon sound speed.
2. Perturbations for relativistic species
Now, that we have derived the Boltzmann equations
for all non-relativistic components, we can turn to the
evolution of photons and neutrinos. For these relativistic
species the shear stress can not be neglected and a de-
scription in terms of the full phase space distribution is
needed. The phase space distribution can be expanded in
terms of a small perturbation Ψ around the homogeneous
background distribution f0
f(xi, q, nj , τ) = f0(q)
[
1 + Ψ(xi, q, nj , τ)
]
. (8)
Depending on the species that is considered f0 either
follows a Bose-Einstein distribution (photons) or a Fermi-
Dirac statistic (neutrinos) with temperatures Tγ or Tν
respectively. The energy-momentum tensor is related to
the phase space distribution by the integral
Tµν =
∫ ( 3∏
k=1
dPk
)
(−g)−1/2 PµPν
P0
f(xi, q, nj , τ) , (9)
where g is the determinant of the (perturbed) metric ten-
sor with (−g)−1/2 = a−4(1 − ψ + 3φ). q is the comov-
ing proper momentum, which we decompose into mod-
ulus q = |q| and direction ni = qi/q. The evolution of
f(xi, q, nj , τ) is then governed by the Boltzmann equa-
tion
Df
dτ
=
∂f
∂τ
+
dxi
dτ
∂f
∂xi
+
dq
dτ
∂f
∂q
+
dni
dτ
∂f
∂ni
=
(
∂f
∂τ
)
C
,
(10)
where the right hand side represents a collision term, ac-
counting for interactions between individual species. Ex-
panding Eq. (10) in perturbations, collecting all terms,
which are first order and finally applying a Fourier trans-
formation yields a differential equation for the evolution
of Ψ
∂Ψ
∂τ
+
q

i (nˆ · k) Ψ+∂ ln f0
∂ ln q
(
φ˙− i 
q
nˆ · k ψ
)
=
1
f0
(
∂f0
∂τ
)
C
,
(11)
where  = (g2 + a2m2)1/2 is the proper energy measured
by a comoving observer.
We can now focus on the particular case of the photons
and massless neutrinos, which provides a good descrip-
tion of the evolution of neutrino perturbations during the
decoupling. We first get rid off the momentum depen-
dence of the energy distribution f(xi, q, nj , τ) by making
a Legendre polynomial decomposition of the quantity
Fs(k, nˆ, τ) ≡
∫
q3dq fs,0(q) Ψs∫
q3dq fs,0(q)
, (12)
(with s = γ, ν). Using the expression of Fs(k, nˆ, τ) thus
obtained, namely
Fs(k, nˆ, τ) ≡
∞∑
l=0
(−i)l(2l + 1)Fs l(k, τ)Pl , (13)
we then express the density fluctuation, velocity disper-
sion and shear stress as
δ = F0 , θ =
3k
4
F1 , σ =
1
2
F2 . (14)
4The evolution of the cosmological perturbations is par-
ticularly simple in the case of neutrinos since the collision
term can be neglected, owing to the very weak strength
of the neutrino interactions at very low energy. Integrat-
ing Eq. (11) over
∫
dq q3f0(q) and dividing by the same
integral gives the evolution of Fν
F˙ν + ikµFν = 4
(
φ˙− ikµψ
)
. (15)
To get the evolution of the energy density, velocity dis-
persion, and shear we then need to substitute Fν by its
Legendre expansion (as expressed in Eq. (13)), integrate
over
∫ 1
−1 dxPn(x) where n = 0, 1, 2... and make use of the
orthogonality relations. This finally yields the following
set of coupled differential equations where the evolution
of F˙νl is related to the evolution of the l + 1 and l − 1
multipoles only:
δ˙ν = 4φ˙− 4
3
θν , (16a)
θ˙ν = k
2
(
δν
4
− σν
)
+ k2ψ , (16b)
F˙νl =
k
2l + 1
[
lFν(l−1) − (l + 1)Fν(m+1)
]
, l ≥ 2 .
(16c)
The evolution of the photon fluid is different because
the collision term (namely the Thomson interactions) can
no longer be neglected. Owing to the expression of the
cross section these interactions introduce a polarisation
dependence, which can be accounted for by simultane-
ously evolving both the sum (Fγ(k, nˆ, τ)) and the differ-
ence (Gγ(k, nˆ, τ)) of the phase space densities associated
with each photon polarisation states. Denoting Ψ1 and
Ψ2 the perturbations of each polarisation state, we can
define
Fγ =
∫
dqd3 f0(q) (Ψ1 + Ψ2)∫
dqd3 f0(q)
, (17a)
Gγ =
∫
dqd3 f0(q) (Ψ1 −Ψ2)∫
dqd3 f0(q)
, (17b)
which leads to the corresponding Boltzmann equations
F˙γ + ikµFγ − 4
(
φ˙− ikµψ
)
=
(
∂Fγ
∂τ
)
C
, (18a)
G˙γ + ikµGγ =
(
∂Gγ
∂τ
)
C
. (18b)
The respective collision terms are given by [33, 34](
∂Fγ
∂τ
)
C
= κ˙ [−Fγ + Fγ0 + 4nˆ · ve
−1
2
(Fγ2 +Gγ0 +Gγ2)P2
]
, (19a)(
∂Gγ
∂τ
)
C
= κ˙
[
−Gγ + 1
2
(Fγ2 +Gγ0 +Gγ2) (1− P2)
]
,
(19b)
where ve is the electron’s coordinate three velocity re-
lated to the velocity dispersion by ikjv
j = θ , and the
Thomson scattering rate is defined as κ˙ = aneσTh. In-
tegrating Eq. (18) against Legendre polynomials in the
same fashion as done for neutrinos we obtain a hierarchy
of coupled equations
δ˙γ = −4
3
θγ + 4φ˙ , (20a)
θ˙γ = k
2
(
1
4
δγ − σγ
)
+ k2ψ + κ˙ (θb − θγ) , (20b)
σ˙γ =
4
15
θγ − 3
10
kFγ3 − 9
10
κ˙σγ +
1
20
κ˙ (Gγ0 +Gγ2) ,
(20c)
F˙γl =
k
2l + 1
[
lFγ(l−1) − (l + 1)Fγ(l+1)
]− κ˙Fγl , l ≥ 3 ,
(20d)
G˙γ0 = −kGγ1 − 1
2
κ˙ (Gγ0 − Fγ2 −Gγ2) , (20e)
G˙γ1 =
k
3
(Gγ0 − 2Gγ2)− κ˙Gγ1 , (20f)
G˙γ2 =
k
5
(2Gγ1 − 3Gγ3) + κ˙
10
(Fγ2 +Gγ0 +Gγ2)
− κ˙Gγ2 , (20g)
G˙γl =
k
2l + 1
(
lGγ(l−1) − (l + 1)Gγ(l+1)
)− κ˙Gγl , l ≥ 3 .
(20h)
B. Boltzmann Hierarchy in presence of dark
matter-photon interactions
The introduction of dark-matter-photon interactions
changes both the dark matter and photon Boltzmann
equations. This was explained in details in [12, 16]. Here
we recall the main equations for the photon and the dark
matter components.
A collisional term, that reflects the interactions be-
tween the Dark Matter and the photons, needs to be
added to the right hand side of Eq. (18a) and Eq. (18b).
Here we model it in the same way as for the baryon-
photon interactions. I.e. we assume that the dark
matter-photon scattering amplitude has the same angu-
lar polarisation dependence as the Thomson elastic scat-
tering cross section. We leave the investigation of dif-
ferent angular dependencies for further studies. Under
these assumptions we find(
∂Fγ
∂τ
)
DM−γ
= µ˙ [−Fγ + Fγ0 + 4nˆ · vDM
−1
2
(Fγ2 +Gγ0 +Gγ2)P2
]
, (21a)(
∂Gγ
∂τ
)
DM−γ
= µ˙
[
−Gγ + 1
2
(Fγ2 +Gγ0 +Gγ2) (1− P2)
]
,
(21b)
5with µ˙ being the rate for dark matter-photon scattering
µ˙ ≡ anDMσDM−γ . With this addition the Boltzmann
equations for Fγ and Gγ become
F˙γ + ikµFγ = 4
(
φ˙− ikµψ
)
+ (κ˙+ µ˙)
[
−Fγ + Fγ0 − 1
2
(Fγ2 +Gγ0 +Gγ2)P2(µ)
]
+ 4κ˙ nˆ · ve + 4µ˙ nˆ · vDM , (22a)
G˙γ + ikµGγ
= (κ˙+ µ˙)
[
−Gγ + 1
2
(Fγ2 +Gγ0 +Gγ2) (1− P2(µ))
]
.
(22b)
The decomposition into equations for the individual mul-
tipoles is similar to that in Sec. II A and also yields a set
of coupled equations. However, they are augmented by a
new interaction term:
δ˙γ = −4
3
θγ + 4φ˙ , (23a)
θ˙γ = k
2
(
1
4
δγ − σγ
)
+ k2ψ + κ˙ (θb − θγ) + µ˙ (θDM − θγ) ,
(23b)
σ˙γ =
4
15
θγ − 3
10
kFγ3 − 9
10
(κ˙+ µ˙)σγ
+
1
20
(κ˙+ µ˙) (Gγ0 +Gγ2) , (23c)
F˙γl =
k
2l + 1
[
lFγ(l−1) − (l + 1)Fγ(l+1)
]
− (κ˙+ µ˙)Fγl , l ≥ 3 , (23d)
G˙γ0 = −kGγ1 − 1
2
(κ˙+ µ˙) (Gγ0 − Fγ2 −Gγ2) , (23e)
G˙γ1 =
k
3
(Gγ0 − 2Gγ2)− (κ˙+ µ˙)Gγ1 , (23f)
G˙γ2 =
k
5
(2Gγ1 − 3Gγ3) + κ˙+ µ˙
10
(Fγ2 +Gγ0 +Gγ2)
− (κ˙+ µ˙)Gγ2 , (23g)
G˙γl =
k
2l + 1
(
lGγ(l−1) − (l + 1)Gγ(l+1)
)
− (κ˙+ µ˙)Gγl , l ≥ 3 . (23h)
C. Dark matter evolution in the presence of dark
matter-photon interactions
While the evolution equations of baryons and neutri-
nos remain unaffected by dark matter-photon scattering,
the evolution of dark matter perturbations is modified
according to Eq. (6), yielding
δ˙DM = −θDM + 3φ˙ , (24a)
θ˙DM = k
2ψ −HθDM + cDMk2δDM − Sµ˙ (θDM − θγ) ,
(24b)
where S ≡ 4ργ/3ρDM and we have allowed for a non-zero
dark matter sound speed [7, 32]
c2DM =
kB TDM
mDM
[
1− 1
3
∂ lnTDM
∂ ln a
]
, (25)
with mDM being the mass of the dark matter particle.
In the standard ΛCDM scenario dark matter is as-
sumed to decouple from the photon bath at some early
time after which TDM evolves as a
−2. Consequently the
dark matter temperature is small at all times relevant to
the computation of CMB fluctuations and hence the dark
matter sound speed can be neglected. Elastic scattering
between dark matter and photons, however, maintains
kinetic equilibrium between both species and implies a
larger dark matter temperature, which now evolves as
T˙DM = −2H TDM + 8 ργ
3 ρDM
µ˙ (Tγ − TDM) . (26)
In light of this the effect of the dark matter sound speed
on the computed CMB spectra can not be neglected a
priori, as done in previous works on dark matter-photon
scattering [12]. However, as we show in section II F, for
realistic dark matter masses the inclusion of the dark
matter sound speed affects the computation of CMB
spectra at a negligible level of accuracy.
D. Line of Sight Integration
Now that we have derived the new set of equations,
we can focus on their resolution and the treatment of
the baryon-photon tight coupling regime. The com-
putation time, required to solve the Boltzmann equa-
tions, can be significantly reduced [33] by introducing
the line of sight integration approach [35, 36]. Here we
derive all modifications to this method necessitated by
the presence of dark matter-photon interactions. Start-
ing point for this derivation is Eq. (22), which, defin-
ing Γ ≡ Fγ2 +Gγ0 +Gγ2, ∆T ≡ Fγ/4, ∆P ≡ Gγ/4,
nˆ · ve ≡ γvb, and nˆ · vDM ≡ γvDM, becomes
∆˙T + ikγ∆T =
(
φ˙− ikγψ
)
+ (κ˙+ µ˙)
[
−∆T + ∆T0 − 1
8
ΓP2
]
+ κ˙γvb + µ˙γvCM ,
(27)
∆˙P + ikγ∆P = (κ˙+ µ˙)
[
−∆P + 1
8
(1− P2) Γ
]
. (28)
We now define
κ ≡ −
∫ τ
τ0
dτ κ˙(τ) , and µ ≡ −
∫ τ
τ0
dτ µ˙(τ) , (29)
and the visibility function g(τ)
g(τ) ≡ (κ˙+ µ˙) e−κ−µ , (30)
6which describes the probability that a photon last scat-
tered between τ and dτ and thus is sharply peaked at
decoupling.
We can simplify the polarisation equation by inte-
grating ∂t
(
∆P exp(ikγ − κ− µ)) over the past lightcone
from 0 to the present time τ0, which leads to
∆P =
3
16
∫ τ0
0
dτ g(τ)eikγ(τ−τ0)
(
1− γ2)Γ . (31)
The previous equation was obtained by integration by
parts where the boundary terms vanish. Finally, the de-
pendence on the angle γ can be removed by again inte-
grating by parts, leading to
∆P =
3
16
∫ τ0
0
dτ eikγ(τ−τ0)
[
gΓ +
1
k2
d2
dτ2
(gΓ)
]
. (32)
Using the same tricks enables us to express ∆T as
∆T(τ0) =
∫ τ0
0
dτ eikµ(τ−τ0)
{
e−κ−µ˙φ˙+
g
4
(
δγ +
1
4
Γ
)
+
d
dτ
[
e−κ−µψ
]− e−κ−µ
ik
(κ¨ vb + κ˙ (κ˙+ µ˙) vb
+κ˙ v˙b + µ¨ vDM + µ˙(κ˙+ µ˙) vDM + µ˙ v˙DM)
+
3
16k2
d
dτ
(
g˙Γ + gΓ˙
)}
. (33)
We can now define the source functions ST and SP as
∆T,P(k, τ0) =
∫ τ0
0
dτ eikµ(τ−τ0)ST,P(k, τ) . (34)
The final step of the line of sight integration consists
in expanding the exponential in Eq. (34) in terms of its
radial and angular eigenfunctions, which are spherical
Bessel functions and Legendre polynomials respectively.
Performing the ensemble average and integrating over γ
allows us to express the multipoles ∆Tl and ∆
P
l as an
integral over a source and a spherical Bessel function
∆T,Pl (k) =
∫ τ0
0
dτ ST,P(k, τ) jl [k (τ0 − τ)] . (35)
The comparison of Eq. (34) with Eq. (32) and Eq. (33)
yields an expression for the source functions, which only
depends on the first few multipoles and thus simplifies
the computational effort tremendously
ST(k, τ) = e−κ−µφ˙+
g
4
(
δγ +
1
4
Γ
)
+
e−κ−µ
k2
×
×
{
[κ¨+ κ˙ (κ˙+ µ˙)] θb + κ˙ θ˙b + [µ¨+ µ˙ (µ˙+ κ˙)] θDM
+ µ˙ θ˙DM
}
+
d
dτ
[
e−κ−µψ +
3
16k2
(
g˙Γ + gΓ˙
)]
,
(36a)
SP(k, τ) =
3
16
[
gΓ +
1
k2
d2
dτ2
(gΓ)
]
. (36b)
We note that SP is modified by the dark matter-photon
interactions only indirectly, through the definition of the
visibility function g, while the dark matter-photon scat-
tering rate enters the expressions for ST directly.
In CLASS the temperature source function is split into
three different parts [37]
ST = S
0
T +
d
dτ
S1T +
d
dτ
S˙2T , (37)
where the dot indicates that the code evaluates the ana-
lytic expression for the derivative. The derivatives that
are denoted by d/dτ are estimated numerically. In the
past this splitting has led to some confusion in the con-
text of dark matter-photon interactions. It is therefore
useful to provide the explicit expressions for all three
terms
ST0 = g
(
1
4
δγ + φ
)
+ 2e−κ−µφ˙+
1
k2
[g (κ˙θb + µ˙θDM)
+e−κ−µ˙ (κ¨ θb + µ¨ θDM) + e−κ−µ
(
κ˙ θ˙b + µ˙ θ˙DM
)]
,
(38a)
S1T = e
−κ−µ k (ψ − φ) , (38b)
S2T =
1
8
g Γ . (38c)
E. Tight Coupling Approximation
At early times the interaction rates in Eq. (23) and
Eq. (7b) become large and hamper numerical integration.
In this regime photons and baryons are tightly coupled
such that θγ − θb is very close to zero. It is possible
to reformulate the evolution equations in terms of the
photon baryon slip
Θγb ≡ θγ − θb , (39)
for which an analytic expansion, in powers of the in-
verse Thomson scattering τc ≡ κ˙−1 rate, can be found
[32, 38]. This approach eliminates all occurrences of κ˙
from the evolution equations and renders numerical inte-
gration feasible.
Experimental constraints indicate that the dark
matter-photon scattering rate µ˙ has to be much smaller
than κ˙. This means that the expansion that we per-
formed stays valid. We will comment on this in more
detail below. However, the main point is that the equa-
tions governing the photon-baryon slip and the evolution
of cosmological perturbations are modified in the pres-
ence of dark matter-photon interactions. Here we derive
all necessary changes following the steps of Ref. [31].
To obtain equations, which are easier to integrate nu-
merically, κ˙ can be removed from the evolution of θb and
7θγ by rewriting them as
θ˙b = − 1
1 +R
[
Hθb − c2bk2δb − k2R
(
1
4
δγ − σγ
)
+RΘ˙γb + µ˙R (θγ − θDM)
]
+ k2ψ , (40)
θ˙γ = −R−1
[
Hθb − c2bk2δb + θ˙b
]
+ k2
(
1
4
δγ − σγ
)
+
1 +R
R
k2ψ − µ˙ (θγ − θDM) . (41)
At the same time, Eq. (7b) and Eq. (23b) can be com-
bined to give an implicit equation for Θγb
τc
[
Θ˙γb −Hθb + k2
(
c2bδb −
1
4
δγ + σγ
)
+ µ˙ (θγ − θDM)
]
+ (1 +R)Θγb = 0 . (42)
This equation can be cast into the form
y˙(t) + y(t)/f(t) + g(t) = 0 , (43)
where   1. Using a sum series ansatz y(t) =∑
n=1 
nyn(t), the solution up to second order in  is
found to be
y = −fg + 2f
(
f˙g + fg˙
)
. (44)
To make the analogy we multiply Eq. (42) by τ¯c/τc, where
τ¯c is the opacity at some arbitrary time, around which we
perform the expansion. We require that the dimension-
less parameters τcH, τck and τcµ˙ are all much smaller
than unity. Now ˙¯τc = 0 and we can identify
fΘ =
τc
τ¯c
1
1 +R
, (45)
gΘ = −Hθb + k2
(
c2bδb −
1
4
δγ + σγ
)
+ µ˙ (θγ − θDM) .
(46)
Using the result of Eq. (44), we find an expression for
Θγb up to second order in τ¯c
Θγb = −τ¯cf¯Θg + τ¯c2f¯Θ
(
˙¯fΘgΘ + f¯Θg˙Θ
)
+O(τc3)
= −f˜ΘgΘ + f˜Θ
(
˙˜
fΘgΘ + f˜Θg˙Θ
)
+O(τc3) , (47)
where, in the second line, we defied f˜Θ = τc/(1 + R).
Eventually we are interested in an expression for the
photon-baryon slip Θ˙γb, which we now write as
Θ˙γb =
(
˙˜
fΘ
f˜Θ
)
Θγb + f˜Θ
(
−g˙Θ + ¨˜fΘgΘ + 2 ˙˜fΘg˙Θ + f˜Θg¨Θ
)
+O(τc3) . (48)
Eq. (48) requires the computation of g˙Θ, which is con-
ventionally cast in the form
g˙Θ = 2HΘ˙γb − a¨
a
θb + k
2
[
c¯2bδb + c
2
b δ˙b −
1
4
δ˙γ + σ˙γ −Hψ
]
+ µ¨ (θγ − θDM) + µ˙
(
θ˙γ − θ˙DM
)
+H θ˙b +H2θb − k2H c2bδb + k2Hψ − 2H θ˙γ , (49)
where c¯2b = (Hc2b+ c˙2b). This expression for g˙Θ can be fur-
ther simplified by using Eq. (7b) and Eq. (23b) together
with the relation µ¨ = −2Hµ˙ to give
g˙Θ = 2HΘ˙γb − a¨
a
θb + k
2
[
c¯2bδ2 + c
2
b δ˙b −
1
4
δ˙γ + σ˙γ
−Hψ − H
2
δγ + 2Hσγ
]
+ µ˙
(
θ˙γ − θ˙DM
)
+H κ˙ (2 +R) Θγb . (50)
Note that for a temperature independent scattering cross
section the occurrence of the term proportional to µ˙ in
the evolution of θγ cancels out the µ¨(θγ−θDM) term from
g˙Θ. The first order expression for the photon-baryon slip
in the presence of dark-matter photon interactions is now
given by
Θ˙γb =
(
τ˙c
τc
− 2H
1 +R
)
Θγb − τc
1 +R
[
− a¨
a
θb + k
2
(
c¯2bδb
+c2b δ˙b −
1
4
δ˙γ − H
2
δγ −Hψ
)
+ µ˙
(
θ˙γ − ˙θDM
)]
+O(τc2) .
(51)
Similar expressions have been obtained for scenarios, in
which the tight coupling regime is modified by a coupling
term between dark matter and baryons [7, 8]. Extending
the calculation to second order in τc, we obtain
Θ˙γb =
(
1− 2H τc
1 +R
){(
τ˙c
τc
− 2H
1 +R
)
Θγb − τc
1 +R
×
×
[
− a¨
a
θb + k
2
(
c¯2bδb + c
2
b δ˙b −
1
4
δ˙γ − H
2
δγ −Hψ
)
+µ˙
(
θ˙γ − θ˙DM
)]}
− τc
1 +R
k2 (2H σγ + σ˙γ)
+ f˜Θ
(
¨˜
fΘgΘ + 2
˙˜
fΘg˙Θ + f˜Θg¨Θ
)
+O(τc3) . (52)
To solve the evolution of Θ˙γb at second order in τc a
first order expression for σγ is needed, while the evolution
of θ˙γ requires knowledge of σγ at order τc
2. As we will
show shortly, all further multipoles contribute at sub-
dominant order and can be neglected during the tight
coupling regime. Polarisation multipoles at l = 0, 2 obey
(cf. Eq. (23))
− 1
2
Gγ0 + σγ +
1
2
Gγ2 = τ2
[
G˙γ0 + kGγ1
]
, (53a)
−Gγ2 + 1
10
(2σγ +Gγ0 +Gγ2)
= τ2
[
G˙γ2 − k
5
(2Gγ1 − 3Gγ3)
]
, (53b)
8where we abbreviated τ2 ≡ (κ˙+ µ˙)−1. Because µ˙  κ˙
τ2 ∼ O(τc), and we see from Eq. (53) that at leading
order in τc Gγ0 ∼ Gγ ∼ σγ ∼ O(τc). The leading order
behaviour of the higher order multipoles is given by
Fγl =
l k τ2
2l + 1
Fγ(l−1) , and Gγl =
l k τ2
2l + 1
Gγ(l−1) ,
(54)
while for the polarisation dipole we obtain
Gγ1 = τ2
[
−G˙γ1 + k
3
(Gγ0 − 2Gγ2)
]
. (55)
Thus Fγ3 ∼ Gγ1 ∼ Gγ3 ∼ O(τc2) and all multipoles l ≥ 4
only contribute at higher orders in τc. From Eq. (23c)
we find
σγ =
8τ2
27
θγ +
1
18
(Gγ0 +Gγ2)− 10τ2
9
σ˙γ +O(τc3) . (56)
We can use Eq. (23e) and Eq. (23g) to obtain approxi-
mate expressions for the photon polarisation
Gγ0 = −2τ2G˙γ0 + 2σγ +Gγ2 +O(τc3)
=
5
2
σγ − 25
4
τ2σ˙γ +O(τc3) , (57a)
Gγ2 =
10τ2
9
(
2k
5
Gγ1 − G˙γ2
)
+
2
9
σγ +
1
9
Gγ0 +O(τc3)
=
1
2
σγ − 5
3
τ2σ˙γ +O(τc3) . (57b)
These expressions are also used to give initial conditions
for the integration of the full Boltzmann hierarchy (c.f.
Eq. (24)), once the approximation of tight coupling loses
it’s validity. We find for the photon shear at first order
σγ =
16
45
τ2θγ +O(τ22 ) , (58)
and to second order we obtain
σγ =
8τ2
45
[
2θγ
(
1− 11
6
τ˙2
)
− 2θ˙γ
(
11
6
τ2
)]
+O(τ32 ) .
(59)
Finally, a comment on the validity of the tight coupling
approximation is in order. We identified three conditions,
τcH  1, τc k  1, and τc µ˙  1, of which the former
two are also present in ΛCDM. For the latter we find in
the early universe, before the epoch of recombination
τcµ˙ = uDM−γ
ρDM
100 GeV
1
ne
' 10−2 uDM−γ ΩDM,0
Ωb,0
. (60)
The critical values of τcH and τc k, that determine when
the tight coupling approximation is no longer valid, and
one needs to integrate the full Boltzmann equations, are
larger than 10−3. Therefore the additional requirement
on τcµ˙ is automatically satisfied in all scenarios with re-
alistic cosmological parameters as long as uDM−γ . 0.01.
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FIG. 1. The temperature, E-mode polarisation, and TE
cross correlation CMB angular power spectra computed from
Planck best-fit parameters (ΛCDM) and in the presence of
a non-zero dark matter-photon scattering cross section. Red
data points show the errors bars associated with the Planck
best fit model.
F. Impact on CMB spectra
The effects of dark matter-photon scattering on the
CMB temperature and polarisation spectra have been
discussed in Ref. [12, 16] and are shown in Fig. 1. There
are three major effects: (a) the reduction in magnitude of
the acoustic peaks at small scales by collisional damping,
(b) a shift in the position of the largest Doppler peak
towards higher multipoles caused by the decreased sound
speed of the photon plasma, and (c) the enhancement of
the first acoustic peaks due to a decrease in the photon’s
diffusion length.
9In this section we quantify the impact, which the in-
clusion of the dark matter sound speed and our modifica-
tions to the tight coupling regime have on the computed
CMB spectra.
1. Effect of the dark matter sound speed
The dark matter sound speed evolves in two stages,
which can be clearly distinguished in Fig. 2: when the in-
teraction rate between the dark matter and the photons is
large enough to maintain both species in kinetic equilib-
rium, the dark matter temperature is equal to the photon
temperature and the sound speed evolves as a−1. Once
these interactions cease to be effective the dark matter
temperature redshifts as a−2 and the sound speed de-
creases faster in this regime. The cross section to mass
ratio uDM−γ sets the time of decoupling and hence has
some small impact on the value of cDM. However, the
sound speed is inversely proportional to the dark mat-
ter mass (c.f. Eq. 25) and this parameter governs the
magnitude and relevance of cDM.
To quantify the impact of the dark matter sound speed
on our results, we compare a set of CMB spectra for
which the sound speed was arbitrarily set to zero to some
spectra obtained with the same ΛCDM + uDM−γ param-
eter values but different dark matter masses. The rele-
vant spectra for the comparison with the Planck measure-
ments are the temperature auto-correlation (TT), the
E-mode-polarisation auto correlation (EE) and the tem-
perature E-mode cross correlation (TE) spectrum. As
expected, the differences depend only mildly on uDM−γ
but strongly on the dark matter mass. The differences are
smaller when the dark matter-photon coupling is smaller
and are larger as the dark matter mass decreases. Tab. I
lists the maximum differences obtained for a cross section
to mass ratio uDM−γ = 0.02. For all the three spectra,
we find that – for a dark matter mass of at least 10 keV
– the inclusion of the dark matter sound speed affects
our computations below the percent level. The maxi-
mum effect on the TT-spectrum was found to be 0.3 %
and on the EE-spectrum 0.8 %. Those masses, which are
small enough for the dark matter sound speed to have a
sizeable effect on the CMB spectra, imply a sound speed
close to unity at the beginning of the evolution of the
smallest modes and are not subject to this work.
We will therefore neglect the dark matter sound speed
for the reminder of this work as this has the advantage of
removing the dark matter mass and reducing the number
of additional parameters.
Indeed, the scales probed by CMB experiments are too
large for the dark matter sound speed to have a sizeable
effect. We note, however, that there may be an impact
at smaller scales. These can be probed by N-body simu-
lations of structure formation [21–24], which require the
linear matter power spectrum as an input. In Fig. 3 we
show the matter power spectrum obtained with differ-
ent values of mDM for a scattering cross section to mass
mDM ∆C
TT
l ∆C
TE
l ∆C
EE
l
10 keV 13.4 µK2 0.74 µK2 0.08 µK2
1 MeV 0.14 µK2 0.007 µK2 8×10−4 µK2
1 GeV 0.003 µK2 0.0003 µK2 4×10−5 µK2
TABLE I. Maximum values of the effect of the dark matter
sound speed on the CMB spectra, computed for uDM−γ =
0.01.
102 103 104 105 106
redshift z
10−10
10−8
10−6
10−4
10−2
D
M
so
u
n
d
sp
ee
d
c2 D
M
uDM−γ = 10−5
uDM−γ = 10−4
uDM−γ = 10−3
uDM−γ = 10−2
FIG. 2. The dark matter sound speed for a dark matter mass
ofmDM = 10 keV (solid) andmDM = 1 MeV (dashed). Shown
in grey is the dark matter sound speed if the dark matter and
photons maintained equilibrium (i.e. Tγ = TDM) throughout
their whole evolution.
ratio of uDM−γ = 10−7 and uDM−γ = 10−9. The dark
matter sound speed leads to a suppression of small scale
structure on its own. As the magnitude of cDM is domi-
nantly set by the dark matter mass, this parameter also
determines the scale at which the suppression occurs due
to the sound speed. On the other hand, the scale at
which the suppression of structure caused by the scatter-
ing terms in the Boltzmann equations becomes becomes
relevant is entirely determined by uDM−γ . In particu-
lar for small dark matter masses the former effect can
dominate, i.e. the sound speed causes suppression at
larger scales than the scattering terms. In this case, the
matter power spectra computed with and without tak-
ing into account sound speed contributions differ from
each other considerably. From Fig. 3 it is evident that,
for the smallest dark matter masses considered here, the
damping scale depends on uDM−γ only very mildly. As
the dark matter mass increases, the suppression of power
induced by the collisional damping effect starts to dom-
inate and cDM can be safely neglected. The larger the
value of uDM−γ , the smaller the dark matter mass at
the transition point. We have checked that for cross sec-
tions to mass ratios as small as uDM−γ = 10−9 the zero
sound speed result is recovered for dark matter masses of
1 GeV (c.f. Fig. 3). In light of these findings the results
of previous studies on the non-linear evolution of dark
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FIG. 3. Effect of the dark matter sound speed on the matter
power spectrum at small scales for different cross section to
mass ratios and dark matter masses.
matter scattering with photons [21–24] remain valid un-
der the assumption of a large enough dark matter mass.
For smaller dark matter masses one can potentially de-
rive stronger constraints by taking into account the dark
matter sound speed correctly.
2. Impact of modification to the tight coupling
approximation
To compare our results, obtained for zero dark matter
sound speed, with those of previous works we ran the
same code as was used in Ref. [12]. The main discrep-
ancy between our work and previous approximations is
a slightly different expression for the tight coupling ap-
proximation (see Eq. (51)). Comparing the CMB angular
power spectra obtained with both codes, we find that the
largest differences occur for the temperature spectrum
and can reach up to 10 µK2. However, the code used in
Ref. [12] is based on CLASS version 1.6, and CLASS itself
has undergone major changes since then [37]. Moreover,
the default values of many cosmological and precision
parameters in CLASS, such as e.g. the parameters de-
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FIG. 4. Difference between the CMB temperature and polari-
sation spectra computed from the expressions found in section
II and those used in Ref. [12]. The plot was obtained for a
scattering cross section to mass ratio of uDM−γ = 10−4.
scribing reionization or the primordial helium abundance
during BBN, have changed, and, for a meaningful com-
parison, they need to be set to the same value in all codes
by hand. To determine the importance of the tight cou-
pling regime, we transferred the code used in Ref. [12]
to an up-to-date version of CLASS. The resulting dif-
ferences are depicted in Fig. 4 and are most prominent
for the temperature cross-correlation spectrum. How-
ever, even in this case, they appear to be smaller than
0.01 µK2, which is well below the experimental sensitiv-
ity. We therefore conclude that the results of Ref. [12]
are robust against our modifications.
III. PARAMETER EXTRACTION
A. Methodology
We use our modified version of CLASS v2.6 together
with the Monte Carlo code MontePython3 [39] to effec-
tively sample the model’s parameter space, following the
methodology of Ref. [12, 40]. The latter corresponds to
the six parameters of the standard ΛCDM model, namely
the baryon density Ωbh
2, the dark matter density ΩDMh
2,
the ratio between the sound horizon and the angular di-
ameter distance at decoupling θs, the reionization optical
depth τreio, and the amplitude As and spectral index ns
of primordial perturbations plus the dark matter-photon
coupling strength uDM−γ .
In this baseline scenario we assume two massless and
one massive neutrino of mν = 0.06 eV and adjust the
effective number of neutrinos to the standard model pre-
diction of Neff = 3.046 [41]. In an additional run we also
3 http://baudren.github.io/montepython.html
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Planck TT + lowTEB Planck TT + lowTEB
+ lensing
Planck TT + lowTEB
+ Neff
Planck TT + lowTEB
+ lensing + Neff
Ωbh
2 0.02231+0.00022−0.00025 0.0223
+0.00023
−0.00024 0.02238
+0.00036
−0.00039 0.0224
+0.00034
−0.00039
Ωch
2 0.1198± 0.0023 0.119± 0.002 0.1208+0.0039−0.0043 0.1203± 0.004
H0 [km/(Mpc s)] 67.56
+0.94
−1.00 67.83
+0.91
−0.93 68.27
+2.6
−2.9 68.78
+2.5
−3.0
ln
(
1010As
)
3.094+0.033−0.038 3.072
+0.028
−0.030 3.1
+0.043
−0.050 3.082
+0.033
−0.045
ns 0.9661
+0.0061
−0.0064 0.9672
+0.0055
−0.0063 0.9696
+0.014
−0.017 0.9721
+0.015
−0.016
τreio 0.08005
+0.018
−0.019 0.07022
+0.016
−0.017 0.08205
+0.018
−0.025 0.07405
+0.015
−0.022
10+4 uγ−c < 2.254 < 1.805 < 2.142 < 1.818
Neff 3.046 3.046 3.137
+0.29
−0.35 3.161
+0.30
−0.33
σ8 0.8003
+0.029
−0.02 0.7942
+0.024
−0.014 0.8057
+0.032
−0.028 0.7999
+0.028
−0.023
TABLE II. Cosmological parameters found from datasets without the high multipole polarisation data when allowing for dark
matter-photon scattering. Upper and lower bounds correspond to the 68% CL interval, when only upper limits are shown they
correspond to 95% c.l. limits.
let the effective number of radiative degrees of freedom
Neff free to vary.
To understand how the polarisation data affects our
conclusions, we start by analysing the Planck 2015 tem-
perature data over the full range of multipoles (2 ≤
l ≤ 2508) plus the polarisation data at low multipoles
(2 ≤ l ≤ 29) [42]. We refer to this dataset as “Planck
TT + lowTEB”. We then include the polarisation data
at high multipoles up to l = 1996 and refer to this set
as “Planck TTTEEE + lowTEB”. The Planck collabo-
ration considers this data set as preliminary due to unre-
solved systematic at the level of O(1) µK2 [42]. Finally
we extend both datasets by the 2015 Planck measure-
ments of the CMB lensing potential power spectrum Cφφl
[43]. We refer to these data sets as ”+ lensing”.
All scenarios, for which the inferred value of H0
is in less than 2σ tensions with local measurements
from Cepheids variables [44] are reanalysed. For that
we assume a Gaussian prior on H0 (H0 = 73.24 ±
1.75 km(s Mpc)−1), by opposition to the flat prior used
to analyse previous datasets. We refer to this analysis by
the extension ”+ R16”.
In addition to the model parameters mentioned above
the Planck temperature likelihood at high multipoles
contains 15 nuisance parameters (and further 12 if polar-
isation data is considered), modelling foreground effects
[42]. These are sampled jointly with the model parame-
ters and then marginalised over to derive our final results.
To check the correctness of our parameter extraction we
run ΛCDM test scenarios for several combinations of data
sets.
For these test sets we find that some of the nuisance
parameters differ by roughly 1σ from the results pub-
lished by the Planck collaboration4. We believe this is
connected to the nuisance parameters DkSZ and DtSZ ,
which describe the amplitude of the kinetic (kSZ) and the
4 http://wiki.cosmos.esa.int/planckpla2015/images/f/f7/
Baseline params table 2015 limit68.pdf
thermal (tSZ) Sunyaev–Zel’dovich effect, respectively.
While the Planck collaboration employs an additional
joint Gaussian prior DkSZ+1.6×DtSZ = (9.5± 0.3) µK2
[3], only the individual flat priors on both parameters are
implemented in MontePython. The purpose of this addi-
tional Gaussian prior, used by the Planck collaboration,
is to keep the tSZ and kSZ amplitudes from drifting into
unphysical regions of the parameter space, which have
been previously excluded by the SPT experiment [45].
Ultimately, we are only interested in the correct de-
termination of the model parameters, for which the cen-
tral values vary by 0.4σ with respect to Planck results
in the most extreme cases. Comparable shifts have been
obtained by the Planck collaboration, comparing results
obtained with the codes CAMB and PICO [42]. To fur-
ther verify the validity of our results, we use the “lite”
likelihood, which has been marginalised over nuisance pa-
rameters and thus is unaffected by the issue described
above. We find a very good agreement between the con-
fidence intervals for cosmological parameters extracted
from the “lite” and the full likelihood. Therefore we be-
lieve the intervals found for our model parameters are
accurate.
B. Results based on the ”Planck TT + lowTEB”
data set
Results obtained from datasets without the high mul-
tipole polarisation data are given in Tab. II. Using the
“Planck TT + lowTEB” dataset, we find a 95% CL upper
limit on the dark matter-photon scattering cross section
σDM−γ ≤ 2.25 × 10−6 σTh (mDM/GeV). This limit is
about 20% stronger than those derived in Ref. [12], us-
ing the 2013 data release. The constraint tightens up
by another 20% when the lensing data is included in the
analysis.
We also find that the limits on uDM−γ are only
marginally affected when the effective number of neutri-
nos is set as a free parameter. While the central values
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a large mass for the dark matter particle, i.e. neglecting the
dark matter sound speed.
found for Neff lie somewhat above the standard model
prediction of Neff = 3.046, these discrepancies remain
well below 1σ for all scenarios.
For the scenarios where Neff is free to vary, we observe
that the value of H0 increases slightly. This increase can
be caused by two distinct effects. Firstly, interactions be-
tween dark matter and photons increase the magnitude
of the first acoustic CMB peaks. This increase is less
pronounced in a younger universe, hence the larger H0
value. Secondly, there is a well-known degeneracy be-
tween H0 and Neff that leads to larger values of H0 when
the effective number of neutrinos is free to vary.
The Planck collaboration reported H0 =
68.0+2.6−3.0 km/(s Mpc) for the ΛCDM scenario when
analysing the ”Planck TT + lowTEB + Neff” datasets
and H0 = 68.5
+2.5
−3.0 km/(s Mpc) by adding the lensing
data. These results are very similar to the ones obtained
by our analysis (see Tab. II), indicating that H0 is well
constrained from the measurement of the CMB spectrum
and cannot be significantly altered by the inclusion of
dark matter-photon scattering. We find that for those
datasets where Neff is allowed to vary the tension with
local measurements of H0 (i.e H0 = 73.24 ± 0.75 [44])
is less than 2σ. Therefore we are able to combine these
datasets with the R16 data. The results of this analysis
are presented in section III D.
Finally, we note that all the datasets reported in this
section prefer a smaller central value and larger confi-
dence limits for σ8 than in the ΛCDM scenario. The
Planck collaboration reported σ8 = 0.829± 0.014 for the
”Planck TT + lowTEB” data set and σ8 = 0.8149 ±
0.0093 if lensing data is included in the analysis. Allowing
Neff to vary these intervals become σ8 = 0.834
+0.022
−0.025 and
σ8 = 0.820
+0.018
−0.021 respectively. In comparison, our value
of σ8 decreases by roughly 3% (see Tab. II) while the size
of the lower confidence interval increases by about 50%
when Neff is kept fixed and 10% if it is free to vary. These
combined effects reduce the tensions with the KiDS-450
measurement S8 ≡ σ8
√
Ωm/0.3 = 0.826
+0.033
−0.028 below 1σ.
The reason for this change becomes apparent in Fig. 5,
where we show the linear matter power spectrum for var-
ious interaction strengths. Dark matter-photon interac-
tions lead to a suppression of power on small scales. The
largest value of the elastic scattering cross section to mass
ratio, that is allowed by CMB observations, lead to a vis-
ible suppression of the linear matter power spectrum at
8 Mpc, precisely.
C. Results including high multipole polarisation
data
Tab. III shows our results when we include the polari-
sation data at high multipoles. We note that the addition
of information from polarisation at small scales allows to
further constrain the uDM−γ ratio for dark matter-photon
interactions. Including data from temperature and po-
larisation at low and high multipoles as well as lensing
potentials, the constraint on the cross section becomes
as small as σDM−γ ≤ 1.49× 10−6 σTh (mDM/GeV). This
makes the constraint 35% stronger than that derived in
Ref. [12].
The addition of small-scale polarisation data partially
breaks the degeneracy between H0 and Neff . Now the
data requires values of H0, which are too low to reduce
tensions with local measurements below 2σ, even if Neff
is free to vary. All results we obtain for the effective
number of neutrinos are perfectly compatible with the
standard model expectation.
As in the previous section, we find lower values for σ8
than those obtained for a ΛCDM-scenario by the Planck
collaboration, namely σ8 = 0.831±0.013 for the ”Planck
TTTEEE + lowTEB” dataset and σ8 = 0.8150± 0.0087
if lensing data is including. Allowing Neff to vary, this
confidence limits become σ8 = 0.828 ± 0.018 and σ8 =
0.809± 0.013. As explained in the previous section, this
is due to the onset of collisional damping on the scale of
8 Mpc for the largest couplings allowed by CMB data.
Consequently, all datasets presented here are in less than
1σ tension with the KiDS-450 measurement of σ8.
D. Results with R16
For those scenarios whereNeff is let free to vary and po-
larisation data is ignored, the tension between the value
inferred for H0 and local measurements [44] is less than
2σ. Applying a Gaussian prior on H0, we, however, no-
tice that larger values of H0 and Neff are not supported
by CMB data. That is true even when dark matter-
photon scattering is allowed. In both cases H0 only shifts
very slightly and tensions remain at 1.9σ and 1.7σ respec-
tively. Likewise, Neff experiences only a small shift to-
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Planck TTTEEE
+ lowTEB
Planck TTTEEE
+ lowTEB
+ lensing
Planck TTTEEE
+ lowTEB
+ Neff
Planck TTTEEE
+ lowTEB
+ lensing + Neff
Ωbh
2 0.02228± 0.00016 0.02228+0.00015−0.00017 0.02221+0.00022−0.00026 0.02218+0.00022−0.00024
Ωch
2 0.1201+0.0014−0.0016 0.1197
+0.0015
−0.0014 0.1192
+0.0030
−0.0032 0.1182
+0.0031
−0.0028
H0 [km/(Mpc s)] 67.33
+0.67
−0.66 67.52
+0.66
−0.60 66.8± 1.6 66.78+1.5−1.6
ln
(
1010As
)
3.097+0.038−0.028 3.069
+0.021
−0.028 3.087
+0.035
−0.039 3.06
+0.026
−0.028
ns 0.964
+0.0046
−0.0048 0.9646
+0.0051
−0.0047 0.961
+0.0096
−0.0095 0.9604
+0.0091
−0.0095
τreio 0.08107
+0.019
−0.016 0.06755
+0.012
−0.014 0.07734
+0.016
−0.018 0.06557
+0.012
−0.014
10+4 uγ−c < 1.579 < 1.490 < 1.623 < 1.359
Neff 3.046 3.046 2.974
+0.20
−0.21 2.943
+0.19
−0.20
σ8 0.8103
+0.024
−0.018 0.7982
+0.022
−0.012 0.8036
+0.027
−0.021 0.7946
+0.021
−0.016
TABLE III. Cosmological parameters found from datasets including temperature and polarisation data at low and high mul-
tipoles when allowing for dark matter-photon scattering. Upper and lower bounds correspond to the 68% CL interval, when
only upper limits are shown they correspond to 95% c.l. limits.
Planck TT
+ low TEB + Neff
Planck TT
+ low TEB
+ lensing + Neff
Ωbh
2 0.02241+0.00036−0.00039 0.02246
+0.0031
−0.0046
Ωch
2 0.1212+0.0034−0.0044 0.1208± 0.0039
H0 [km/(Mpc s)] 68.36
+2.6
−3.0 69.27
+2.3
−3.5
ln
(
1010As
)
3.104+0.04−0.05 3.089
+0.037
−0.047
ns 0.9704
+0.014
−0.017 0.9746
+0.012
−0.02
τreio 0.08369
+0.018
−0.025 0.07686
+0.017
−0.021
10+4 uγ−c < 2.488 < 1.724
Neff 3.154
+0.27
−0.35 3.215
+0.25
−0.39
σ8 0.805
+0.035
−0.025 0.8048
+0.027
−0.025
TABLE IV. Cosmological parameters found when including
the R16 dataset. Upper and lower bounds correspond to the
68% CL interval, when only upper limits are shown they cor-
respond to 95% c.l. limits.
wards larger values remaining compatible with the stan-
dard model expectation at the 1σ level.
IV. CONCLUSIONS
In the standard ΛCDM model dark matter is assumed
to be collisionless. However, interacting dark matter
models are also compatible with current data. In this
work we consider the possibility of elastic scattering be-
tween dark matter and photons. Not only would such
an effect modify the CMB angular spectra for tempera-
ture, polarisation, and lensing, but it would also have a
noticeable impact on the matter power spectrum.
As shown in Fig. 5 dark matter-photon interactions in-
troduce a characteristic cut-off scale in the matter power
spectrum followed by a series of damped oscillations.
This suppression of power can be very significant. For
the maximally allowed values of uDM−γ found in this
work, the P (k) would be reduced by roughly two orders
of magnitude with respect to ΛCDM at k ∼ 1h/Mpc.
Probing the imprint of dark mater particle properties on
the matter power spectrum is one of the science goals
of the Euclid mission [5]. The Euclid data will allow
to constrain the dark matter-photon scattering through
their impact on the linear matter power spectrum at con-
siderably smaller scales than the CMB (c.f. Fig. 5).
It is thus of interest for large scale surveys, such as Eu-
clid [5], to obtain precise theory predictions and up-to-
date constraints on the possible interaction strength. To
this end we reviewed the formalism governing the evo-
lution of cosmological perturbations in the presence of
dark matter-photon interactions, by explicitly deriving
the modified Boltzmann equations, the source functions
for the line of sight integration, and modifications to the
tight coupling approximation. Various expressions have
been used in the past for the tight coupling approxima-
tion. We show that these discrepancies only affect the
computed CMB spectra at the 0.01 µK2 level, well be-
low current experimental sensitivity. However, we find it
valuable to have the formalism standing on a more solid
footing.
Dark matter photon interactions lead to non-zero dark
matter sound speed. We find that the inclusion of such a
term affects the CMB predictions at a sub-percent level
and hence can be neglected, while the effect on the matter
power spectrum is much more important, as can be seen
in Fig. 3.
We perform a similar analysis to Ref. [12, 40] but
include the full 2015 Planck temperature, polarisation,
and lensing data. Considering temperature data at
high multipoles only, we already find that constraints
on the interaction cross section tighten by 20% with
respect to previous results, giving σDM−γ ≤ 2.25 ×
10−6 σTh (mDM/GeV). Further improvement can be
achieved by considering lensing and polarisation data,
leading to an overall decrease by 35% with respect to
the results of Ref. [12]. However, our tightest constraint,
σDM−γ ≤ 1.49 × 10−6 σTh (mDM/GeV), has to be taken
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FIG. 6. Residuals between SPT measurements and the
”Planck TT + lowTEB” ΛCDM best fit curve. Also shown is
the impact, that the maximally allowed value of uDM−γ (at
95% confidence) has on the Planck best-fit ΛCDM spectrum
for various datasets.
with a grain of salt as the Planck collaboration consid-
ers the high-multipole polarisation data as preliminary
due to unresolved systematic effects of O(µK2). We note
that the imminent Planck data release is expected to pro-
vide more accurate high-multipole polarisation measure-
ments, which might affect our uDM−γ upper limit slightly.
While preparing this manuscript, the SPTpol exper-
iment released measurements of the EE and TE CMB
polarisation, which constitute the most sensitive data at
large multipoles, i.e. l > 1050 and l > 1475 respec-
tively [29]. This work also includes the determination of
the temperature auto-correlation (TT) spectrum up to
multipoles as large as l = 8000. However, significant at-
mospheric contaminations where left in the TT spectrum
so this dataset was not used to constrain cosmology in
Ref. [29].
In Fig. 6 we show the residuals between the “Planck
TT + lowTEB” ΛCDM best fit model and the SPTpol
data. This figure also depicts the impact, which the max-
imally allowed value of uDM−γ (at 95% confidence) would
have on the best-fit ΛCDM model for different datasets.
To obtain these curves we first compute the CMB spectra
from the best fit values found by the Planck collabora-
tion for the six-parameter ΛCDM model and the specific
dataset. We then add the maximally allowed value of
uDM−γ for the specific dataset (cf. Tab II and Tab. III)
but keep the value of the six ΛCDM parameters the same
as determined by the Planck collaboration in absence of
interactions, and finally we compute the difference be-
tween the scenario with and without the dark matter-
photon interactions.
From Fig. 6 it is obvious that dark matter-photon
scattering has the most sizeable effect on the EE and
TE spectra at intermediate multipoles, up to l ' 2000.
Furthermore, we see that these interactions are already
tightly constrained by the Planck TT spectrum. Indeed,
the effect that the maximally allowed values of uDM−γ
have on the TE and EE spectrum is smaller than the
SPTpol 1σ errorbars at all scales.
Therefore, while the new SPTpol data has not been
included in our runs, it is very unlikely that its inclusion
would make any difference to the upper bound on uDM−γ .
Adding the SPTpol data might narrow the allowed re-
gions for the ΛCDM parameters, but we do not observe
any parameter degeneracies with uDM−γ that would sug-
gest this could have a huge impact on our result.
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